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Abstract

Objectives: Obtaining strength—-ductility balance in titanium alloys remains a challenge to this day. In this work, we improve the
strength-ductility synergy of a Ti-6Al-4V alloy through specialized hot forging and two-step annealing processes.

Methods: During hot forging, the large equiaxed grains undergo minimal change, while all the lamellar « grains spheroidize to fine
equiaxed grains due to severe dynamic recrystallization. During subsequent annealing and water quenching, the large equiaxed
grains remain unchanged, and the martensite transformation occurs within fine equiaxed grains, leading to the microstructures
composed of large equiaxed grains and nanosized acicular o’ martensite grains in the water quenched (WQ) alloy.

Results and conclusion: Compared to the hot forged (FG) alloy, the WQ alloy exhibited a significantly increased tensile strength and
a decreased elongation. The strengthening effect came from the high dislocation density, high-density grain boundaries, and dense
twin boundaries in the region of «’ martensite. The short-time annealed (ST) alloy after the second-step short-time annealing then
showed a similar grain size and morphology to the WQ alloy. However, the dislocation density in large equiaxed grains dramatically
decreased. This caused an increased elongation without sacrificing strength compared with the WQ alloy, implying the superior

strength-ductility balance.
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1. Introduction

Titanium alloys are indispensable structural materials for ad-
vanced engineering applications owing to their excellent specific
strength, corrosion resistance and biocompatibility, especially in
fields of aerospace components, biomedical implants and marine
heat exchangers [1, 2]. Strength and plasticity are generally at
odds with each other in materials science, so the trade-off be-
tween strength and plasticity in the design of advanced titanium
alloys remains a thorny scientific issue [3-6].

The microstructure of titanium alloys varies according to the
manufacturing method, heat treatment, and chemical composi-
tion of the alloy, and different microstructures directly affect
their mechanical properties [7, 8]. Hua et al. [9] obtained a full
fine isometric microstructure with an average size of 160nm by
optimizing the heat treatment of a metastable g titanium alloy
(Ti-5Al1-5Mo-5V-3Cr-0.5Fe) with multiple isothermal compression
and stress relaxation, which increased the yield strength of the
titanium alloy. Dumas et al. [10] proposed that the coupling of
pulsed current and hydrogen can cause the evolution of the la-
mellar microstructure in the as-cast Ti-6Al-4V alloy into the
globular or needle-like microstructure, and the mechanical prop-
erties were significantly improved. Ouyang et al. [11] used laser

shock peening (LSP) technique to optimize the microstructure
near the surface of hot-forged Ti-6Al-4V alloys, reconstructing
the ultrafine and coarse crystals to form a gradient grain struc-
ture from the surface to the interior. The alloy with three-time
LSP has achieved the highest microhardness, wear resistance
and tensile properties. In addition, Lett et al. [12] performed heat
treatments with different annealing temperatures (575-1050°C)
and cooling conditions on the cold sprayed Ti-6Al-4V samples to
improve the low tensile properties of the deposited material.
Annealing at temperatures in the 950 to 1050°C range was effi-
cient to obtain high strength and ductility combinations. Shen
et al. [13] investigated the effects of annealing temperatures from
450°C to 800°C on the microstructure and mechanical properties
of a new «+f titanium alloy designed, Ti-6Al-4V-2Mo-2Fe
(Ti6422), and obtained ultra-high strengths (1340 MPa, 1390 MPa)
and good plasticity (11.8%) at annealing temperatures of 500°C
and 550°C.

The design of heterogeneous structure materials has been
demonstrated to be an effective way to achieve synchronized
strength-ductility of materials [14, 15]. The large differences in
mechanical properties lead to significant heterogeneous
deformation-induced (HDI) strengthening and back-stress
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hardening, resulting in a dual effect of strengthening and tough-
ening [16-18]. Lin et al. [19] prepared a heterogeneous structure
(HS) with an alternating distribution of coarse and fine o lamella
in bimodal Ti6242 alloy by fast heat treatment. The enhanced
strength and plasticity are attributed to HDI strengthening and
coordinated deformation of HS, respectively. Jia et al. [20] fabri-
cated a highly HS with micron-sized primary a and nanoscale
secondary a precipitates was fabricated by activating the w-assis-
ted a nucleation transformation pathway that operates in meta-
stable B titanium alloys alone, leading to an enhanced
mechanical property. In addition, Meng et al. [21] designed a HS
in Ti-6Al-4V alloy via cryogenic pre-stretching at liquid nitrogen
temperature. This process simultaneously achieved an increase
in the strength of the material and the maintenance of its ductil-
ity. Yang et al. [22] obtained a § HS with heterogeneous grain size
and defects in Ti-7Mo-3Nb-3Cr-3Al metastable § titanium alloy
by hot rolling and partial recrystallization. The yield strength at
room temperature was 1360MPa, the tensile strength was
1430 MPa, and the elongation was 8.1%. Similarly, Feng et al. [23]
designed to obtain a metastable § titanium alloy of HS consisting
of deformed and recrystallized grains by simple cold rolling and
short-term annealing, and the combined effect of HDI hardening
and phase transition-induced plasticity (TRIP) effect resulted in a
simultaneous increase in yield strength and plasticity of the al-
loy. Dai et al. [24] prepared the a+ g Ti-5Al-7.5V-0.5Mo-0.5Zr-0.5Si
(TC5751S) alloy containing silicide. The mechanical properties of
the alloys were enhanced with the increased precipitation of
nanoscale secondary a precipitates, as well as the precipitation
of microscale primary a and (Ti, Zr)5Si3 silicide, verifying the
compensatory mechanism between the silicide and the heteroge-
neous a phase.

Although the heterostructured titanium alloys have been
widely reported to exhibit enhanced high strength and high duc-
tility. However, most previous reports only concentrated on sin-
gle type heterostructure, such as grain size gradient structure
and phase gradient structure. It is valuable to further explore
and design new multi-scale heterostructures. In this study, we
improve the strength-ductility synergy of a Ti-6Al-4V alloy
through specialized hot forging and two-step annealing pro-
cesses. The processed alloy shows the microstructure composed
of large equiaxed grains and nanosized acicular o' martensite
grains. The formation mechanism of such unique dual-phase
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a+a’ structure was revealed by various characterization techni-
ques. The mechanisms of strengthening and ductility improve-
ment were discussed in detail.

2. Experimental methods

2.1 Thermal-mechanical processing

A bimodal structured Ti-6Al-4V alloy bar (T = 990°C) was used in
this work. The larger equiaxed and lamellar a grains coexist in the
alloy. The thermal-mechanical processing of Ti-6Al-4V alloy in this
work contains hot forging and two-step annealing processes (Fig. 1).
First, the cylindrical Ti-6Al-4V alloy (diameter: 40mm; height:
60mm) was heated to 920°C (a+ f region) and stayed at this tem-
perature for 10 mins to reach a homogeneous temperature distribu-
tion. Then, the specimens were compressed by 60% at 920°C at a
strain rate of 0.01/s. The hot forging process was performed using
an UTM4304 electronic universal testing machine equipped with a
heating furnace. After hot forging, the specimen was air cooled to
room temperature. The hot forged specimen is hereafter referred to
as “FG”. Then, the specimen was heated to 950°C and annealed at
this temperature for 10 minutes, followed by water quenching. The
water quenched specimen is hereafter referred to as “WQ”. Finally,
the specimen was heated to 380°C and annealed at this tempera-
ture for 5 minutes, followed by air cooling, which is hereafter re-
ferred to as “ST".

2.2 Microstructural characterization

The FG, WQ, and ST specimens were cut for subsequent micro-
structural characterization. The normal plane of the specimen (par-
allel to the forging direction) was metallographically polished by
polishing papers and SiO, solution. To improve the surface quality,
the specimen was then electropolished in a solution of 10% per-
chloric acid and 90% ethanol for 50s at 30V. The microstructural
characterization was performed using an electron-backscatter dif-
fraction detector (EBSD, Oxford Nordlys Max3) equipped on a scan-
ning electron microscope (SEM, JSM-7800F) operated at 20kV. To
better reveal the microstructural features, the foil specimens were
prepared by ion beam milling and then characterized by transmis-
sion electron microscope (TEM, FEI Talos F200X G2).

Ty=990°C

FGl*“‘J’

Figure 1. Schematic diagram of three thermal-mechanical processing routes.
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2.3 Tensile test

The FG, WQ, and ST specimens were cut for tensile tests. The gauge
dimensions of tensile specimens are 6 mm in width, 2mm in thick-
ness, and 12mm in length. The tensile tests were conducted at the
strain rate of 0.001/s using an Instron 5982 testing machine.

3.Results

3.1 Microstructure evolution during hot forging
and two-step annealing processes

The EBSD orientation maps of FG, WQ, and ST alloys were dis-
played in Fig. 2. For FG alloy, the large equiaxed and small equi-
axed grains can be clearly observed in Fig. 2a. The large equiaxed
grains were inherited from the as-received alloy, implying that
the large equiaxed grains hardly changed during hot forging.
However, the deformation at high temperature caused the dy-
namic recrystallization of lamellar a grains, so that almost all the
lamellar « grains have recrystallized to fine equiaxed grains.
Besides, the WQ alloy shows a heterostructure composed of the
large equiaxed grains and fine acicular grains. The formation of

such microstructure indicates the occurrence of martensite
transformation during water quenching. Specifically, all the fine
equiaxed grains transformed to «’ martensite and the large equi-
axed grains remained unchanged in the WQ alloy. Notably, the
ST alloy exhibits similar microstructure to the WQ alloy, which
both have large equiaxed grains and fine acicular «' martensite
grains. This is because the second-step annealing temperature is
low and the time is short, so that the decomposition of «’ mar-
tensite hardly occurs. Figure 2d-f show the inverse pole figures
(IPF) of the FG, WQ, and ST alloys. The FG alloy shows a (0001)
texture with an intensity of 2.06 MUD. After subsequent first-
step annealing and water quenching, the (0001) texture intensity
significant decreases in the WQ alloy. This may be attributed to
the martensite transformation during water quenching, in which
the various orientated martensite forms and weakens the tex-
ture. For the ST alloy, the texture intensity is extremely weak
and the (0001) texture almost disappears, indicating the homoge-
neous grain orientation distribution.

The grain boundary maps of FG, WQ, and ST alloys were dis-
played in Fig. 3. For FG alloy, large amounts of low angle grain
boundaries (LAGBs) exist (34.2%), which dominantly distribute

0001

‘!::::;;illlllliii|||', 2.05
0.45

-12-10

01-10

Figure 2. (a—c) EBSD orientation maps of the FG, WQ, and ST alloys, respectively. RD in the figure represents the radial direction, which is perpendicular
to the forging direction of the alloy. It is noted that the tensile direction during tensile tests is parallel to the RD. (d-f) IPFs (referenced to RD) of the FG,

WQ, and ST alloys, respectively.

Figure 3. (a—c) Grain boundary maps of the FG, WQ, and ST alloys, respectively. The fraction of HAGB and LAGB are shown in the figures.
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Figure 4. (a—c) KAM maps of the FG, WQ, and ST alloys, respectively. The average KAM values are shown in the figures.

within the large equiaxed grains. This implies that the hot forging
promotes the subgrain formation within the large equiaxed
grains. The high angle grain boundaries (HAGBs) locate among
fine recrystallized equiaxed grains, indicating the complete re-
crystallization. In this work, the hot deformation degree is not
enough for the complete recrystallization of large equiaxed
grains, so that the recrystallization only occurs in the lamellar
grains. For the WQ and ST alloys, the fraction of LAGB signifi-
cantly decreases and the fraction of HAGB significantly
increases. This is because the « martensite grains have ex-
tremely small size, which provide large amounts of HAGBs.

The Kernel Average Misorientation (KAM) maps of FG, WQ,
and ST alloys were displayed in Fig. 4. KAM angle is a measure of
local grain misorientation, which refers to the average misorien-
tation between an EBSD pixel and its neighboring pixels. The
KAM value reflects the local misorientation and can be used to
evaluate the density of geometrically necessary dislocation
(GND). For FG alloy, the average KAM value is the largest (1.07)
among these three alloys. This is because the hot deformation
may induce the defects to the alloy, which dominantly locates
around the LAGBs and HAGBs. For the WQ and ST alloys, the av-
erage KAM value decreases owing to the first-step and second-
step annealing processes. The accumulated dislocations in the
FG alloy strongly annihilate during hot annealing. However, the
martensite transformation is known to induce the internal stress
and defects. Therefore, the total dislocation densities in the WQ
and ST alloys are lower than that of the FG alloy, but the differ-
ence is not significant. Moreover, the dislocation density in the
ST alloy (0.79) is lower than that of the WQ alloy (0.87). This is be-
cause the second-step annealing process can further release the
dislocation accumulation at a certain degree.

3.2 Tensile mechanical properties

Figure 5 displays the engineering stress-strain curves of the FG,
WQ, and ST specimens. The FG specimen has a tensile strength
of 921 MPa and an elongation of 12.6%. After subsequent anneal-
ing and water quenching, the WQ alloy shows an enhanced ten-
sile strength of 1124 MPa and a decreased elongation of 10.81%.
After second-step annealing and air quenching, the ST alloy
shows an increased elongation (12.3%) and maintains a similar
high tensile strength (1132 MPa) compared to the WQ alloy, im-
plying the superior strength-ductility balance. Notably, com-
pared to the FG alloy, the ST alloy shows a significant increase of
tensile strength without sacrificing the ductility. This indicates
that the composite hot forging and two-step annealing processes
in this work are available and effective to achieve outstanding
mechanical properties in titanium alloys.
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Figure 5. Engineering stress-strain curves of the FG, WQ, and ST alloys.

4, Discussion

4.1 Strengthening mechanism of the WQ alloy
with dual phase structure

It was widely reported that two kinds of martensite phases may
exist in titanium alloys, hcp o martensite and orthorhombic a”
martensite. Generally, the acicular o phase is strong and hard,
which can increase the strength of the alloy but decrease the
ductility [25-27]. In the present work, the WQ alloy exhibits a mi-
crostructure composed of large equiaxed a grains and acicular o
martensite grains. The tensile strength of the WQ alloy is obvi-
ously higher than that of the FG alloy. The strengthening mecha-
nism of the WQ alloy with dual phase structure can be explained
by the TEM results shown in Fig. 6.

Figure 6a clearly shows the dual phase structure in the WQ al-
loy, in which the large equiaxed a grains and acicular «’ martens-
ite grains can be identified. It's noted that the elemental
distribution is homogeneous between large equiaxed o grains
and acicular o martensite grains, which is confirmed by the EDS
maps in Fig. 6¢1-c4. Figure 6d-f displays the microstructural fea-
tures of the large equiaxed a grain. The subgrains appear in some
of the equiaxed « grains, which agrees to the aforementioned
EBSD results. Besides, in some of the equiaxed « grains, the high-
density dislocations and dislocation tangle can be observed
(Fig. 6d). However, in most of the large equiaxed a grains, the dis-
location lines arrange parallelly without accumulation (Fig. 6b
and f). Such dislocation distribution can be attributed to the
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Figure 6. TEM microstructures of the WQ alloy. (a), (b) BF-S images. (c;) High-angle annular dark-field (HAADF) image together with the EDS image for
Ti, V, and Al. (co,—c4) EDS images showing the elemental distribution of Ti, V, and Al, respectively. (d), (€) BF-S images showing the microstructure of the
large equiaxed grains. (f) Magnified image of the marked region in (a). (g) BF-S images showing the twins in acicular «’ martensite. (h) HRTEM image of
the twinned region in (g), the inset shows the SAED pattern of the marked region in (g). (i) IFFT image of the marked region in (h).

different deformation behaviors among different a grains during
hot forging. It is known that the lamellar grain is easier to deform
than the equiaxed grain during hot forging. Therefore, the dislo-
cation accumulation is not significant in the equiaxed grains and
only a few high-density regions can be observed. On the other
hand, the acicular « martensite grains not only show high dislo-
cation density, but also high-density twins (Fig. 6g-i). Such twins
are confirmed to be (1011) transformation twins, which have
been widely reported to appear in titanium alloys after water
quenching process [28, 29].

The WQ alloy exhibits unique microstructural features, in
which the high strength is mainly attributed to the existence of o’
martensite. First, the high dislocation density in o martensite
will lead to the strengthening effect owing to the difficult disloca-
tion motion [30, 31]. Second, the nanosized acicular o’ martensite
grains with interior high-density twins can provide large
amounts of grain boundaries and twin boundaries. These bound-
aries can hinder the dislocation motion and therefore strengthen
the alloys [32]. Although the WQ alloy was strengthened by

nanosized o martensite, the ductility decreases at the same
time. This is reasonable because the difficult dislocation motion
is not beneficial to the large deformability and elongation.

4.2 Origin of strength-ductility synergy of the

ST alloy

It was discussed that the acicular martensite in the WQ alloy can
enhance the tensile strength but decrease the ductility. Notably,
the ST alloy shows an increased elongation and maintains a simi-
lar tensile strength compared to the WQ alloy, implying the low
temperature short time annealing can improve the ductility
without sacrificing the strength. This is also attributed to the mi-
crostructure features of the ST alloy.

Figure 7a shows the TEM microstructure of the ST alloy. It can
be observed that the large equiaxed grain and fine acicular «’ mar-
tensite coexist in the alloy. Although the grain size and morphology
of ST alloy are similar to that of the WQ alloy, the dislocation fea-
tures in these alloys are quite different. As displayed in Fig. 7a and
b, the dislocation density is low, and few dislocation lines can be
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martensite

Figure 7. TEM microstructures of the ST alloy. (a-c) BF-S images. (d) HRTEM image of the twinned region in (c). (e) FFT diffraction pattern of the region

shown in (d). (f) IFFT image of the twin boundary region shown in (d).

observed in the equiaxed grains. Such dislocation features in large
equiaxed grains are attributed to the dislocation annihilation dur-
ing annealing process. However, the annealing temperature and
time in this work is not high and long enough to lead to a complete
recovery in both equiaxed grains and acicular martensite grains.
Therefore, the dislocation density is still quite high in the acicular
martensite grains after annealing (Fig. 7c). Besides, the transforma-
tion twins still exit within the martensite grains as displayed in
Fig. 7d-f. Consequently, for the ST alloy, the acicular «’ martensite
grains with high dislocation density and large amounts of twins
strengthen the alloy and contribute to the high tensile strength,
which is similar to the strengthening mechanism in the WQ alloy.
Importantly, compared to the fine acicular grains, the large equi-
axed grains with few dislocations can enhance the work hardening
ability of the alloy and improve the ductility [33]. Thus, the hetero-
geneous dual-phase a+ o structure can cause a superior strength—
ductility synergy owing to its unique dislocation distribution and
features. The dense nanosized acicular martensite contributed to
the high strength, and the dislocation-free large equiaxed grains
contributed to the high ductility.

In summary, we proposed a specialized thermal-mechanical
processing method for Ti-6Al-4V alloy, which is promising to be
used in the industrial manufacturing process of high-
performance Ti-6Al-4V as well as other titanium alloys. In order
to further improve the mechanical properties, future studies
may focus on the effect of processing parameters (e.g. forging
temperature, strain rate, cooling rate) on the microstructure evo-
lution of titanium alloy.

5. Conclusion

In the present work, the strength-ductility balance was achieved
in Ti-6Al-4V alloy through specialized hot forging and short time
annealing processes. The microstructure evolution and the origin

of superior mechanical properties have been investigated in de-
tail. The conclusions are summarized as follows:

(1) The FG alloy shows the microstructure composed of large and
fine globular a grains. The large equiaxed grains were inher-
ited from the bimodal as-received alloy, which barely changed
during hot forging process. The fine globular a grains were
formed due to the dynamic recrystallization of lamellar a
grains during hot forging. Consequently, the heterogeneous
fine/large equiaxed structure was obtained after hot forg-
ing process.

(2) The WQ alloy shows the microstructure composed of large
equiaxed grains and nanosized acicular o' martensite grains.
Such microstructure formed because the large equiaxed grains
nearly remained unchanged during water quenching, whereas
the martensite transformation occurred within fine equiaxed
grains during water quenching. Compared to the FG alloy, the
WQ alloy exhibits a significantly increased tensile strength and
a decreased elongation. The strengthening effect came from
the high dislocation density, high-density grain boundaries, and
dense twin boundaries in the region of o’ martensite.
The ST alloy shows the similar grain size and grain morphol-
ogy to the WQ alloy, including the large equiaxed grains and
nanosized acicular o martensite grains. Similarly, the disloca-
tion density is high in the acicular «’ martensite grains and the
nano twins still remained within the grains. However, the dis-
location density in large equiaxed grains dramatically de-
creased after short time annealing. Consequently, the ST alloy
shows an increased elongation and maintains a similar tensile
strength compared to the WQ alloy, implying the low temper-
ature short time annealing can improve the ductility without
sacrificing the strength.
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